Purpose: Colorectal cancer (CRC) is the most common malignancy in the gastrointestinal tract. The liver is the most common location of CRC metastases, which are the main causes of CRC-related death. However, the mechanisms underlying metastasis of CRC to the liver have not been characterized, resulting in therapeutic challenges. Methods: The effects of hepatic stellate cells (HSCs) on T cells were evaluated using in vitro mixed lymphocyte reactions (MLRs) and cytokine production assays. HSC-induced CT26 cell migration and proliferation were evaluated in vitro and in vivo. Results: HSCs induced T cell hypo-responsiveness, promoted T cell apoptosis, and induced regulatory T cell expansion in vitro. IL-2 and IL-4 were significantly lower in MLRs incubated with HSCs. Supernatants of MLRs with HSCs promoted CT26 cell proliferation and migration. Furthermore, the presence of HSCs increased the number of liver metastases and promoted proliferation of liver metastatic tumor cells in vivo. Conclusion: HSCs may contribute to an immunosuppressive liver microenvironment, resulting in a favorable environment for the colonization of CRC cells in the liver. These findings highlight a potential strategy for treatment of CRC liver metastases.
Introduction
Colorectal cancer (CRC) is the third most common cancer worldwide, and has increased in prevalence in recent years. 1 CRC frequently metastasizes to the liver, and liver resection and perioperative chemotherapy are the primary means of therapeutic intervention for these tumors. The median survival time for patients with untreated CRC and liver metastases is 6.9 months, and 5-year survival rates following liver resection range from 30% to 50%. Several recent studies have aimed to evaluate the mechanisms responsible for liver metastasis. However, the mechanisms underlying liver metastasis of CRC have not been characterized, resulting in challenges to development of effective therapies. [2] [3] [4] In 1889, Paget proposed the "seed and soil" theory of metastatic dissemination. Paget suggested that the site of metastasis depended on the affinity of the tumor for the microenvironment. 5 To evaluate the hepatic microenvironment, we previously analyzed liver non-parenchymal cells in mice and showed that hepatic stellate cells (HSCs), which store retinol and participate in repair and fibrogenesis during liver injury, play a role in immune regulation. 6 Recent studies of HSCs have focused on liver injury, liver fibrosis, and liver regeneration. Several studies have shown that HSCs exhibit immunomodulatory activity and can prolong allograft survival.
Furthermore, HSCs have been shown to promote onset and progression of hepatocellular carcinomas. 9, 10 We previously showed that quiescent HSCs express low levels of immune surface molecules. Priming HSCs with IFN-γ resulted in marked upregulation of the inhibitory co-stimulatory molecule B7-H1, potentially through activation of the MEK/ERK pathway. 6 However, the mechanisms by which HSCs promote metastasis of CRC cells to the liver have not been elucidated. In this study, we demonstrate that HSCs induce T cell hypo-responsiveness and expand regulatory T (Treg) cells. Moreover, HSCs were shown to play an immunosuppressant role in the hepatic microenvironment and promote CRC metastasis to the liver.
Materials And Methods Animals
BALB/c mice were obtained from the Shanghai SLAC Laboratory Animal Company. All mice were maintained in a specific pathogen-free environment at Huashan Hospital. Animals were fed standard chow ad libitum and subjected to experiments at 7-9 weeks of age. The animal study protocol was approved by the ethics committee of Huashan Hospital. All experiments were performed following the Huashan Hospital Laboratory Animal Centre care guidelines.
Isolation, Culture, And Identification Of HSCs
HSCs were isolated from murine livers as previously described. 11 Briefly, the livers were perfused through the portal vein with collagenase IV (Life Technologies, Grand Island, NY, USA). The smashed cells were filtered through a nylon mesh. HSCs were purified by Percoll density gradient centrifugation (Sigma-Aldrich, St. Louis, MO, USA) and cultured in complete medium supplemented with 20% FBS (Gibco, Gaithersburg, MD, USA) for 7 to 14 days, unless otherwise indicated. The purity of HSCs ranged from 90% to 95%, as measured by desmin immunostaining and typical appearance of lipid droplets under a light microscope.
Isolation And Culture Of Dendritic Cells (DCs)
DCs were generated from bone marrow progenitor cells as previously described. 12 Bone marrow cells were extracted from femurs and tibias of BALB/c mice, and erythrocytes were lysed using ammonium chloride. The cells were cultured in 24-well plates (1×10 6 cells/well) in 1 mL of RPMI 1640 (Gibco) supplemented with 10% FBS and 10 ng/mL recombinant granulocyte-macrophage colony stimulating factor (R&D Systems, Minneapolis, MN, USA). All cultures were incubated at 37°C in 5% humidified CO 2 . Nonadherent granulocytes were removed after 48 hrs of culture. Half of the media was exchanged every 48 hrs. After 6 days of culture, 1 μg/mL lipopolysaccharide (Sigma-Aldrich) was added to the culture media for 18 hrs to allow for maturation. The purity of DC preparations was routinely monitored by flow cytometry using an anti-CD11c monoclonal antibody (mAb) (eBioscience, San Diego, CA, USA). CD11c+ cells were enriched to >85%.
Tumor Antigen Uptake
The mouse colon carcinoma CT26 cell line was purchased from American Type Culture Collection and cultured in DMEM (Gibco) supplemented with 10% FBS. On day 6 of DC culture, CT26 mouse colon cancer cell lysates were added to the culture medium cultures consisted of a DCto-CT26 ratio of 1:10 for 18 hrs at 37°C in 5% humidified CO 2 . CT26 mouse colon cancer cell lysates were obtained through six freeze/thaw cycles in PBS (Sigma-Aldrich).
Mixed Lymphocyte Reactions (MLRs)
For primary MLRs, nylon wool-eluted spleen T cells (
) from BALB/c mice were used as responders, and γ-irradiated (20 Gy) tumor antigen-pulsed DCs derived from BALB/c bone marrow were used as stimulators. Cultures were maintained in complete medium for 3 days at 37°C in 5% humidified CO 2 . [ 3 H]-TdR (0.5μCi/well) was added for the final 18 hrs of culture. Cells were harvested onto glass fiber disks using an automated system, and incorporation of [ 
Flow Cytometric Analysis
Expression of cell surface molecules was detected using a FACScan (BD Biosciences, San Jose, CA, USA), and analyzed using CellQuest software (BD Biosciences). Cells were stained with the following monoclonal antibodies: FITC-CD25 (eBioscience), PE-Cy5-CD4, and FITC-CD3 (BD Biosciences). Isotype-matched irrelevant mAbs were used as negative controls. Apoptosis was assessed using PE-Annexin V staining (BD Biosciences). Foxp3 staining was performed using fixation and permeabilization buffers contained in the Foxp3 kit according to manufacturer's instructions (eBioscience).
CCK8 Assay
CT26 cells were plated in triplicate at 4×10 3 cells/well in 96-well plates. MLR supernatants were collected and added to the wells. At 24, 48, 72, and 96 hrs, 10 µL of CCK8 solution (Dojindo, Kumamoto, Japan) was added to each well. Absorbance was detected at 450 nm using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) following incubation at 37°C for 2 hrs.
Transwell Migration Assay
Transwell migration chambers (Corning Inc., Corning, NY, USA) were used to evaluate the migration of CT26 cells. CT26 cells ( 5×10 4 ) in 200 µL of serum-free medium were added to the upper chamber, and supernatants (800 µL) collected from MLR experiments with or without HSCs were added to the lower chamber. After incubation for 24 hrs, cells on the upper surface of the membrane were removed using a cotton swab. The remaining cells were fixed in methanol, stained using crystal violet, and air-dried. The number of migrating cells on each membrane was counted in five random fields per well using a light microscope.
Cytokine Analysis
IL-2, IL-4, IL-10, and IFN-γ levels in MLR culture supernatants were measured using ELISA kits according to the manufacturer's instructions (Jingmei Biotech Limited Company, Shenzhen, People's Republic of China). The minimum detectable dose of IL-2 is 15.6 pg/mL. The minimum detectable dose of IL-4 is 7.8 pg/mL. The minimum detectable dose of IL-10 is 15.6 pg/mL. The minimum detectable dose of IFN-γ is 9.4 pg/mL. MLR culture supernatants were harvested at the end of the third day of culture.
Animal Model Of CRC Liver Metastasis
A murine model of CRC-derived liver metastasis was established as previously described.
13 CT26 cells were washed twice with 0.5 M PBS after trypsinization and suspended in PBS. The animal model was established under anesthesia using isoflurane (Abbott Laboratories, Abbott Park, IL, USA). For the laparotomy, a median incision was made and a 30-gauge needle was used to puncture the portal vein. A 0.1 mL cell suspension containing 1×10 6 CT26 cells, or a mixture of 1×10 6 CT 26 cells and 5×10 5 HSCs, was injected to achieve a liver metastasis model.
Immunohistochemistry
Immunohistochemistry was performed in liver metastatic tumor samples from murine model. Tissue paraffin sections were deparaffinized, rehydrated and pre-treated with 10 mM sodium citrate buffer at a sub-boiling temperature for 10 mins to unmask the antigen. The sections were subsequently incubated with 3% H 2 O 2 for 10 mins at room temperature and dark conditions to block endogenous peroxidase activity, followed by incubation with blocking solution for 1 hr to avoid unspecific binding of the primary antibody. The sections were then incubated overnight at 4ºC with the anti-PCNA antibody (Cell Signaling Technology, Danvers, MA, USA) followed by incubation for 30 mins at room temperature with a biotinylated ECL anti-rabbit IgG (GE Healthcare, Chalfont St. Giles, UK). The color was developed using the diaminobenzidine substrate (Roche Diagnostics, Mannheim, Germany), and the sections were counterstained with hematoxylin. Slides were visualized and photographed using a Leica DM2500 light microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA).
Statistical Analysis
All data analyses were conducted using SPSS 16.0 software package (SPSS Inc., Chicago, IL, USA). Comparative analysis of the data was performed using one-way ANOVA or Student's t-test. Differences were considered statistically significant when P < 0.05.
Results

DCs Effectively Took Up Tumor Antigens
To examine the effects of tumor antigen uptake by DCs, DCs were pulsed with tumor antigens as stimulators in MLRs. On day 6 of DC culture, tumor antigens were added to the culture at a DC:CT26 ratio of 1:10 for 18 hrs at 37°C in 5% humidified CO 2 . The results showed that DCs that did not take up tumor antigens did not promote T cell proliferation. (P<0.05) (Figure 1 ).
HSCs Inhibited T cell Proliferation
To evaluate the effects of HSCs on T cell proliferation, HSCs were added to an MLR culture containing splenic T cells stimulated by DCs pulsed with tumor antigens. HSCs inhibited T cell proliferation (P<0.05) (Figure 2A ) in an HSC:T cell ratio-dependent manner ( Figure 2B ).
HSCs Induced T Cell Apoptosis
We hypothesized that HSC-mediated inhibition of T cell proliferation may have resulted from apoptosis of activated Tcells.
To test this hypothesis, splenic T cells were cultured for 3 days with tumor antigen-pulsed DCs in the presence or absence of HSCs. The cells were double-stained with anti-Annexin V mAb and anti-CD3 mAb. As shown in Figure 3 , the proportion of cells that were double-positive for Annexin V and CD3 staining was higher in the group cultured with HSCs than that in the group cultured without HSCs (P<0.05). These results confirmed that HSCs increased T cell apoptosis.
HSCs Promoted Treg Cell Expansion
To examine the effects of HSCs on Treg cell activity, Treg cells were quantified in MLRs in which splenic T cells were cultured for 3 days with tumor antigen-pulsed DCs in the presence of HSCs. The percentage of CD4+CD25+ FoxP3+ cells in MLR cultures with HSCs was higher than that in MLR cultures without HSCs (P<0.05) ( Figure 4B ). This result confirmed that HSCs promoted Treg cell expansion.
Cytokine Levels In Supernatants Of MLRs Were Altered By HSCs
To evaluate the effects of HSCs on cytokine secretion, IL-2, IL-4, IL-10, and IFN-γ levels were quantified in MLR culture supernatants using ELISA. The results showed that the expression levels of IL-2 and IL-4 in supernatants of MLRs with HSCs were significantly lower than those in supernatants of MLRs without HSCs (P<0.05) ( Figure 5 ). No differences were observed for IL-10 or IFN-γ expression in MLRs with or without HSCs.
MLR Supernatants Promoted CT26 Cell Proliferation And Migration
To determine the effects of MLR supernatants on CT26 cells, CCK8 assay was used to evaluate CT26 cell proliferation and transwell migration assay was used to evaluate CT26 cell migration. As shown in Figure 6 , supernatants from MLRs with HSCs promoted proliferation and migration of CT26 cells to a greater extent than MLRs without HSCs (P<0.05).
HSCs Promoted Growth Of Liver Metastatic Tumors In Vivo
To determine whether HSCs could promote CRC cell colonization in the liver in vivo, a murine model of CRC-derived liver metastasis was evaluated. In the control group, CT26 cells were injected via the portal vein. In the experimental group, a mixture of CT26 cells and HSCs was injected via the portal vein. As shown in Figure 7A , the number of liver metastatic tumors in the experimental group was greater than that in the control group (P<0.05). CT26 cell proliferation was assessed using PCNA immunostaining of liver metastatic tumor samples. The number of PCNA-positive cells was significantly greater in the experimental group than in the control group (P<0.05) ( Figure 7B ). 
Discussion
CRC is a common malignancy of the gastrointestinal tract. The liver, which is nourished by a rich blood supply from both arterial and portal venous systems, is the most common location of CRC metastases. Liver metastasis is the main cause of CRC-related death. 14 A large body of evidence has indicated that the liver microenvironment provides autocrine and paracrine signals originating from both parenchymal and non-parenchymal cells that promote development of hepatic metastases. 15 HSCs are the main non-parenchymal cells in the liver. Quiescent HSCs can be activated by cytokines or by liver injury. Recent studies showed that activated HSCs play an important role in liver fibrosis and exhibit immunomodulatory activities. Additionally, HSCs in the liver microenvironment have been shown to promote proliferation and infiltration of hepatoma cells. 16, 17 Platelet-derived growth factor-C, which is secreted by colon carcinoma cells, induces proliferation of HSCs and promotes tumor growth. 18 However, the mechanisms responsible for the effects of HSCs on development of CRC-derived liver metastases remain unclear. HSCs exert potent immunosuppressive effects via induction of activated T cell apoptosis. 19 Furthermore,
HSCs can induce T cell hypo-responsiveness and promote Treg cell expansion, allowing hepatocellular carcinoma cells to escape immune detection, resulting in development of liver carcinoma. 20 We MLRs were used to simulate an immune microenvironment. HSCs, which are liver non-parenchymal cells, were added to MLR cultures to create a hepatic microenvironment in vitro. CCK8 and transwell migration assays showed that supernatants from MLRs containing HSCs promoted CT26 cell proliferation and migration, confirming that HSCs in hepatic microenvironments could induce CRC cell proliferation and migration. Consistent with our in vitro results, we found that the presence of HSCs increased the number of liver metastases and increased proliferation of liver metastatic tumor cells in vivo.
Conclusion
Our study showed that HSCs may contribute significantly to an immunosuppressive hepatic microenvironment, resulting in increased CRC cell proliferation and migration. Furthermore, HSCs promoted CRC cell colonization in the liver. Our findings indicate a potential strategy for treatment of CRC liver metastases.
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